In odorant-rich environments, animals must be able to detect specific odorants of interest against variable backgrounds. However, studies have found that both humans and rodents are poor at analyzing the components of odorant mixtures, suggesting that olfaction is a synthetic sense in which mixtures are perceived holistically. We found that mice could be easily trained to detect target odorants embedded in unpredictable and variable mixtures. To relate the behavioral performance to neural representation, we imaged the responses of olfactory bulb glomeruli to individual odors in mice expressing the Ca 2+ indicator GCaMP3 in olfactory receptor neurons. The difficulty of segregating the target from the background depended strongly on the extent of overlap between the glomerular responses to target and background odors. Our study indicates that the olfactory system has powerful analytic abilities that are constrained by the limits of combinatorial neural representation of odorants at the level of the olfactory receptors.
Rodents, like many other animals, rely on olfaction for their survival. It is the primary sense for finding food and mates and avoiding predators [1] [2] [3] . As natural environments are rich in stimuli from multiple and variable sources, identifying any stimulus of interest necessitates segregating it from the background. Scene analysis and segmentation have been studied extensively in vision 4, 5 and audition 6, 7 , but very little is known about analysis of odorous scenes 8, 9 . Indeed, while contemporary studies in vision and audition focus on the mechanisms underlying scene segmentation, even the mere behavioral ability continues to be questioned for olfaction [9] [10] [11] .
The difficulty of a complete analysis of an olfactory scene may arise from overlapping representations of odorants in the olfactory bulb. Odorant identity is thought to be combinatorially encoded in the olfactory bulb by the identity of activated receptors and their associated glomeruli 12, 13 . Each receptor can bind multiple odorants and a single odorant can bind multiple receptors. It follows that different odorants will elicit responses that are overlapping in glomerular space, eventually limiting the number of odorants that can be simultaneously encoded 12, 14 . Indeed, several studies have suggested that the olfactory system has a very limited capacity to encode multiple odorants simultaneously [15] [16] [17] [18] or even to detect a specific target odor within a mixture 8, 9, [19] [20] [21] , unless odors are dispersed in time 16, 22 . These studies have contributed to the widely held view that olfaction is primarily a synthetic sense in which odorant mixtures elicit emergent perceptions at the expense of perceiving the individual components of the mixture 10, 11, 22, 23 .
Here we describe a behavioral task that directly tests the ability of mice to detect target stimuli within variable and unpredictable backgrounds. We further describe the relationship between the glomerular patterns of activity evoked by target and background odorants and the difficulty of segregating them.
RESULTS

Mice can segregate odorants from a background
We designed a behavioral task to answer two questions: (i) how does target detection depend on the number of background odorants? and (ii) how does target detection depend on the similarity between the target and the background odorants? Previous experiments in rodents have used fixed mixtures over many trials 21, 24 or temporally jittered binary mixtures 25, 26 to study object-background segregation. Here we randomly varied background odors, so that odor stimuli in different trials were rarely similar to each other. Additionally, unlike in earlier studies, head restraint allowed us to use well-controlled and timed stimuli, monitor responses more precisely and obtain thousands of trials.
Mice were trained on a Go/NoGo task in which they had to detect a target odorant within a mixture of odorants ( Fig. 1) , delivered through a custom-built olfactometer (Supplementary Fig. 1 ). Mice reported the presence of the target odorant (Go trial) by licking a water spout in front of their mouth and reported the absence of the target odorant from the mixture (NoGo trial) by refraining from licking. A correct lick was rewarded by a water drop and an incorrect trial was punished by a 5 s timeout.
Odorant mixtures were chosen from a pool of 16 odorants ( Fig. 2 ) with varying degrees of similarity: 8 of the odorants contained a common functional group, tiglate (2-methylbut-2-enoate). Two of the 16 odorants were designated as targets and 14 were background for each mouse. The two target odorants were never presented together, the number of odorants in the mixture was limited to 14, and the probability of any target odorant being present in any single trial was kept constant at 0.5. These constraints yielded a total of 49,149 possible mixtures (rather than 65,536 without constraints). The use of 2 target odorants for each mouse reduced the risk of obtaining results that were highly dependent on the specific target. Furthermore, 1 2 2 6 VOLUME 17 | NUMBER 9 | SEPTEMBER 2014 nature neurOSCIenCe a r t I C l e S to avoid obtaining odorant-specific results, we trained 13 mice on 8 different target pairs, with every odorant being the target for at least one mouse. Mice were first trained with mixtures that had few odorants until they reached 80% performance, and the distribution of the number of components in the mixture was then gradually adjusted to become uniform, where the probability of different numbers of odorants in the mixture was equal ( Fig. 1a-c ; see Online Methods). Mice typically reached criterion level performance (80%) within 1,000 trials (Fig. 1c,d ). When the target odorant tubes were replaced with empty tubes or switched with background odorants, while keeping reward dependent on the same olfactometer channel where the target odorant used to be, performance dropped to near chance levels, confirming that mice were using odors as cues for performing the task (Fig. 1d) . Notably, mice performed well on novel mixtures in the asymptotic phase (trial novelty rate of >60%; Fig. 1b) , indicating an understanding of the task rules as opposed to learning of specific mixture-response associations.
We analyzed 30,400 trials performed by 13 mice in sessions after learning had reached a plateau and where the number of components in the mixture had a flat probability distribution. The first key result from our experiments is that mice performed well above chance level on mixtures with any number of odorant components, starting at 94% for 1 component and declining to 85% for 14 components (Fig. 1e) . Each additional mixture component reduced performance by an average of 0.75%. These data indicate that mice are capable of performing olfactory figure-ground segregation and that performance degrades steadily with increasing number of background odorants.
The reduced performance for mixtures with more odorant components may reflect a greater degree of overlap in the neural representation of target and background odorants. Additionally, more difficult olfactory discriminations may require longer sampling for a decision to be made 27, 28 . Perhaps if mice were allowed longer sampling, performance would not degrade with the number of mixture components. Several findings argue against a limitation in sampling time as the explanation for reduced performance. First, mice were allowed 2 s to make a decision, and yet over 98% of licks had a latency of less than 1 s (Fig. 3a) . Second, response latency was only weakly dependent on the number of odorants in the mixture (mean raw latency increased by 1.2 ms per added component-less than 0.25% of the mean; correlation coefficient 0.7; P = 0.004; Fig. 3b, top) 29, 30 . And third, the latencies at which asymptotic performance was reached were very similar in mixtures with different numbers of odorant components: that is, the benefit of longer sampling was similar for mixtures with either many components or just a few (Fig. 3c,d) . These results indicate that the difficulty of solving the task does not arise from a sampling time limit, but probably reflects an actual overlap in the neural representation of the mixture components.
Effects of figure and background composition
In sensory systems operating in a well-defined stimulus space, such as vision and audition, the difficulty of figure-ground segregation depends on the similarity between features of the figure and the background. Whether a similar dependence exists in the olfactory system has been tested using binary odor mixtures and indirect measures of recognition such as odor investigation time 21, 31 . To test this hypothesis more directly, we analyzed separately trials from mice that were trained to detect tiglate targets (n = 8 mice) and trials from mice that were trained to detect non-tiglate targets (n = 5 mice). The logic was that tiglate targets (molecules containing the tiglate functional group) would have more similar odors in the background (other tiglates) than non-tiglate targets. Although chemical similarity does not necessarily imply perceptual similarity (discussed below), this analysis provides a link between the behavioral difficulty of figure-background segregation and the chemical features of the target and the background. In an analysis of 19,300 trials performed by 8 mice that were trained on tiglate targets (Fig. 4a) and 11,100 trials performed by 5 mice trained to detect non-tiglate targets (Fig. 4b) (analysis of individual mice is shown in Supplementary Figs. 2 and 3 a r t I C l e S steadily with increasing number of background odorants for both groups, yet several differences were evident. Mice trained to detect tiglate targets did worse on the task overall (mean ± 95% confidence interval: 89.7 ± 0.4% and 92.4 ± 0.5% correct, respectively; P < 10 −10 , two-proportion z-test) and were more affected by the number of components in the mixture than mice trained to detect non-tiglate targets (performance reduction of 0.82 ± 0.06% and 0.6 ± 0.08% per added odorant, respectively, mean ± 95% confidence interval; P < 0.01). This difference is likely to be due to the greater similarity of tiglate odorants as a group, acting as better distractors or masks when the target is also a tiglate.
We further tested this hypothesis by analyzing how the presence of members of the two groups in the mixture affected behavioral performance. We used NoGo trials for further analysis of behavioral performance because >90% of incorrect responses were due to false alarms (Fig. 4a,b) . We calculated the performance of mice detecting tiglates and mice detecting non-tiglates for all combinations of the numbers of tiglates and non-tiglates in the background mixture ( Fig. 4c and d, respectively) . The performance of mice detecting tiglate targets depended on the number of tiglate background odorants but was not affected much by non-tiglates (Fig. 4c) . Conversely, the performance of mice detecting non-tiglate targets was independent of tiglate background but decreased as the number of non-tiglates increased (Fig. 4d) . To quantify the effect of tiglates as background, we calculated the slopes of the rows in the matrices in Figure 4c ,d, which allowed us to assess performance as a function of the number of tiglates in the background for a given number of non-tiglates (Fig. 4c,d, bottom) . Similarly, we used the slopes of the columns of these matrices to quantify the effect of non-tiglates as background odorants (Fig. 4c,d, right) . In an analysis of the distributions of these slopes for tiglate ( Fig. 4e) and non-tiglate targets (Fig. 4f) , the performance of mice detecting tiglate targets decreased by an average of 3.4 ± 0.4% for each added background tiglate but was unaffected by additional non-tiglates (+0.4 ± 0.5%; the two slopes are significantly different, P = 1.6 × 10 −4 , Mann-Whitney U-test). Conversely the performance of mice detecting non-tiglate targets decreased by an average of 2.7 ± 0.5% for each non-tiglate added to the background but was unaffected by background tiglates (0.0 ± 0.5%; slope difference significant, P = 1.9 × 10 −4 , Mann-Whitney U-test). We found a similar dependence between the group effect of background odorants and the target when analyzing the behavior of individual mice separately ( Supplementary Fig. 4 ). The uncertain relationship between chemical similarity of odorants and the corresponding perceptual similarity 32 raises the question of whether other groupings may also show a strong behavioral effect. We repeated the analysis of group effect as done for tiglates and non-tiglates, this time with all 12,870 possible divisions of the 16 odorants into two groups of 8, treating separately the data from mice detecting tiglate targets (Fig. 4g) and non-tiglate targets (Fig. 4h) . Notably, tiglates were among the 2nd percentile of groups with the strongest negative effect for mice detecting tiglates. Analyzing the 50 groups with the strongest effects, we found that tiglates were very common members of these groups for mice trained to detect tiglates ( Fig. 4i , P = 0.02, Mann-Whitney U-test of fraction member for tiglates versus non-tiglates) but not for mice trained to detect non-tiglates ( Fig. 4j , P = 0.39).
Glomerular activity patterns The analysis described above was based on the similarity of functional groups between the odorants. However, the fact that two odorants contain a similar functional group does not necessarily imply that they are similar from the perspective of the nose. To obtain an independent physiological measure of the similarity between the odorants, we imaged glomerular responses to all odorants on the dorsal surface of the olfactory bulb [33] [34] [35] [36] [37] . Glomerular input activity directly reflects the olfactory receptors that are activated by the odorants, and previous studies have found a correlation between the similarity of glomerular response patterns and the difficulty of discrimination 29 . Naive anesthetized mice were used for these experiments to measure the similarity and overlap of odorant representations before training.
We measured odor-evoked responses in mice expressing the genetically encoded calcium indicator GCaMP3 in olfactory receptor neurons (Fig. 5a) 38 . Example responses from the individual glomeruli from one experiment are shown in Figure 5b -d. The response to each odorant was represented as a vector of glomerular activity and the cross-correlation between these vectors was used as a measure of response similarity between pairs of odorants (Fig. 5d,e) . When pooling all pairwise correlations from 6 experiments, tiglate to tiglate correlations (correlation coefficient = 0.49 ± 0.02, n = 168) were Figure 2 The odorants used in the behavioral task. Names, purity and molecular structures of all odorants that were used in this study are shown. npg a r t I C l e S higher than both non-tiglate to non-tiglate (r = 0.43 ± 0.02, n = 168, P = 0.016, Kolmogorov-Smirnov test, ks = 0.17) and tiglate to non-tiglate correlations (correlation coefficient = 0.45 ± 0.01, n = 384, P = 0.004, Kolmogorov-Smirnov test, ks = 0.16, Fig. 5f,g ). Although the difference between the correlation distributions was significant, these distributions were highly overlapping and therefore could not fully explain the behavioral dependence on the odorant groups. Furthermore, comparison of the pairwise correlations within individual subjects revealed significant similarity of tiglates in only two of the six experiments. Nevertheless, to assess the significance of the division of the odorants into groups based on the tiglate functional group, we repeated the same analysis for all possible divisions of the 16 odorant pool into two groups of 8. For each group, we calculated the distribution of response correlations within the group and across groups. The separability of each group was measured by the KolmogorovSmirnov distance between these distributions (see Online Methods). Only 6% of odorant groups were more separable than tiglates (Fig. 5h) . Taken together with the analysis of the behavioral data, these results indicate that the difficulty of figure-ground segregation in olfaction cannot be fully explained by the similarity between the representations of figure and background components at the level of olfactory bulb inputs.
Glomerular map overlap predicts performance
The decline in performance with increased similarity between the target and background components can be explained either as reflecting a decreased sensitivity to the target or as reflecting a perceived similarity of the mixture to the target. Owing to the asymmetry of the task (mice were rewarded for hits but not for correct rejections), mice can be expected to lick both when they sense the target (or think they do) and when they realize that the target is masked and cannot be detected. We tested each of these hypotheses by asking whether behavioral performance correlated with the degree of masking of target-evoked glomerular responses by background mixtures or whether performance correlated with the similarity between target-evoked glomerular responses and mixture-evoked glomerular responses. We based our analysis on a simple model that estimates mixture responses on the basis of the responses to the individual components. Mixture responses can involve nonlinear interactions anywhere within the mouse brain and therefore difficult to predict. We made the simplest assumption and modeled the mixture response at the level of glomerular inputs as a linear sum of the responses to the individual components 17, 31, 34, 39, 40 . On the basis of the linear summation model, each mixture presented in a behavioral trial was assigned a 'masking' value and a 'similarity' value. Masking reflected the fraction of target-evoked activity that is covered by the mixture-evoked activity ( Fig. 6a ; see Online Methods). As a measure of similarity we used the correlation between the target-evoked response and the mixtureevoked response. Analyzing all NoGo trials, we found that performance significantly degraded with increasing masking (Fig. 6b , correlation coefficient = 0.78, P = 4.7 × 10 −7 , n = 30 500-trial bins) but not with similarity (Fig. 6c , correlation coefficient = 0.36, P = 0.05, n = 30 500-trial bins). Although the increase in both masking and correlation was accompanied by an increase in the average number of mixture components (Fig. 6d,e) , similar trends were evident even within a fixed number of components for both masking (P < 0.01 for mixtures of more than 3 components; Fig. 6f ) and correlation (P < 0.01 for mixtures of more than 10 components; Fig. 6g ). Of note, masking values of less than 0.7 had no effect on behavioral performance, suggesting redundancy in the coding of the target by multiple glomeruli. To ensure that the above results are not simply due to our assumption of linear summation of glomerular responses for mixture stimuli, we tested another model, which assumed no summation. Instead, this model assumed that the mixture response in each glomerulus is the maximum of the individual odorant responses (maximal intensity projection). We found a similar drop in performance with increased masking using the maximal intensity projection model as well (correlation coefficient = 0.68, P = 3.9 × 10 −5 ; Supplementary Fig. 5 ), indicating that this drop in performance with increased masking is not sensitive to the exact model of summation.
These data show that the behavioral difficulty of detecting a target odorant within a mixture is closely linked to the constraints of combinatorial coding by glomeruli in the olfactory bulb and not to similarity of the target and background mixtures. Mixtures components that are similar to the target act as powerful distractors not by making npg a r t I C l e S the mixture more similar to the target, but by masking target-evoked activity.
DISCUSSION
We analyzed quantitatively the behavioral ability of mice to detect odorants of interest in the presence of variable backgrounds, a feature that is probably fundamental to the survival of many species. Our main findings are that (i) mice are highly capable of performing such a task, (ii) similarity between mixture components and the target odorant determines the difficulty of the task, and (iii) the difficulty of the task depends on the extent to which background odorants and the target odorants overlap in the glomerular activity patterns they elicit. Presumably, the last two findings are related because it is likely that inclusion of background odorants that are similar to the target increases the extent of glomerular activity overlap. Our finding that mice can detect the presence (or absence) of the target when mixtures with many components are presented is in contrast with the common view of olfaction as a synthetic sense wherein mixtures of odorants are perceived as a whole rather than being analyzed to detect and identify their components [8] [9] [10] [11] [19] [20] [21] [22] [23] . This view largely relies on the observation that humans are very poor at analyzing mixtures or even detecting target odorants within mixtures [8] [9] [10] . Studies using rodents also inferred poor detection of single odorants within mixtures, but these were based on either spontaneous unrewarded discrimination 21 or an assumption that animals generalize task rules 19 . The data presented here indicate that macrosmatic mammals can detect single odorants within mixtures. In fact, anecdotal data have already shown that rats can discriminate between two mixtures of ten odorants that differ by only one component 24 . While demonstrating strong analytical abilities, our data should not be taken as evidence against synthesis in olfaction. It is possible that the olfactory system has both analytic and synthetic abilities, allowing both grouping of odorants into objects and differentiation between objects. Whether a specific odorant should be searched for in a mixture or whether it should be synthetically combined with other odorants to identify an object may require learning of its behavioral relevance and may be context dependent.
We found that increasing the number of background components gradually and steadily decreased behavioral accuracy. A recent study found that the structure of stimulus presentation can greatly affect decision accuracy and that grouping trials of similar difficulty into blocks within behavioral sessions may increase behavioral accuracy by allowing a more accurate internal representation of the boundary between rewarded and unrewarded stimuli 30 . Because trials of varying difficulties were interleaved in our experiments, it is possible npg a r t I C l e S that mice can perform even better in more predictable conditions. Our experimental design allowed us to dissect the features of background mixtures that affected detection of target odorants. We found that odorants that contain the functional group tiglate were strong maskers for targets that contained the same functional group but not for other targets. For the odorant pool used in this set of experiments, a common tiglate functional group was also accompanied by higher similarity of glomerular response patterns, yet this difference was too small to account for the behavioral effect. Taken together, these findings imply that not all odorants are equally potent as maskers and that the potency of any odorant is related to its similarity to the specific target it has to mask.
We used a simple model to estimate the glomerular response patterns elicited by all mixtures that were presented in the behavioral task. Using this model, we showed that performance can be explained by the extent to which mixtures evoke glomerular activity patterns that overlap with the target. Notably, similarity between mixture-and target-evoked activities does not explain behavioral performance. Glomerular response patterns were recorded from naive animals to represent the initial input signals the mice had to process during training. How exposure and learning-related changes in glomerular patterns [41] [42] [43] contribute to performance on the task will be the subject of future studies.
Our model assumed no lateral interactions. While this has shown to be the case at the input stage 17,31,34,39,40 , lateral interactions downstream may certainly influence mixture analysis. Because odor-specific lateral interactions are not well characterized in the olfactory bulb of mammals, we chose to keep the model simple. An upper bound and a lower bound to mixture response estimates were obtained from linear model (Fig. 6) and a maximal projection intensity model (Supplementary Fig. 5 ), respectively. Both models reached similar conclusions. Future experiments will be directed at the mechanism by which the olfactory cocktail party problem is solved. Potential mechanisms include hard-wired strategies analogous to preattentive segmentation in the visual system 44 . However, the fact that behavioral performance only degraded at high values of glomerular masking suggests that learning-related changes in either the olfactory bulb circuits or cortical circuits are involved [45] [46] [47] . Additionally, cortico-bulbar feedback 48, 49 may enable flexible context-dependent classification of stimuli. A temporal jitter between odorant onset has been suggested to contribute to scene segmentation 16, 25, 26 . In natural turbulent environments, covariance of components from a common source may similarly be instrumental for scene segmentation by providing the temporal jitter 50 . Careful analysis of combined behavioral and physiological recordings will be critical to uncovering the mechanisms by which figure-ground segregation is achieved in the olfactory system. npg members of the group is higher than the similarity between members of the group and other odorants.
(ii) Analysis of mixture masking and similarity to target. Two models were used to estimate the extent to which a mixture masks the target at the level of olfactory bulb glomeruli: a linear model and a maximal intensity projection model. Both models assumed that there are no lateral interactions between glomeruli at the level of inputs. The first model assumed linear summation at each glomerulus to obtain an upper bound to the mixture response: that is, the response to a mixture would be the exact linear sum of the responses to the components. The second model provided an alternative for deriving mixture responses and assumed no summation. The response to a mixture at each glomerulus was taken to be the maximum of the responses at that glomerulus to the mixture components.
Masking at each target-activated glomerulus was calculated using the following equation: away from the baseline) were considered for this analysis to avoid divergence due to small denominators (see Supplementary Fig. 6 for a test of robustness).
The masking value for the mixture was then taken to be the average masking of all target-activated glomeruli:
where M(m,T) is the masking of target T by mixture m and N is the number of target-activated glomeruli. Glomeruli that were not activated by the target were not considered for this analysis. Masking values were calculated for the two targets and the larger of these was taken to be the mixture's masking value, with the assumption that it is enough to mask one target to preclude the mouse from being able to make a decision. The relationship between the masking index and behavioral performance was quantified by first binning trials according to their masking index and plotting the mean performance in each bin against the mean masking index. A decaying logistic function was fit to these data: where a is the saturated performance and s and b determine the slope of the decay and the shift along the masking axis. M is the masking index value. The similarity to the target was calculated for each mixture as the crosscorrelation between the target and the mixture response vectors. The relationship between the target-mixture similarity and behavioral performance was quantified in the same way as for masking. 
